Methods
An expert thoracic radiologist (M.Z.) retrospectively reviewed HRCT exams of 53 lung transplant recipients and 700 HSCT recipients from the transplants database of S. Orsola-Malpighi Hospital, dating back from 2007, in order to select cases that radiologically fulfilled PPFE criteria.
All selected cases were evaluated in a multidisciplinary team discussion and the following details were retrieved: clinical characteristics, laboratory and functional data, pathologic findings (obtained from one patient) and metabolic data ( Approval was obtained from the institution to use the patients' records for retrospective analysis and patient confidentiality was maintained.
During the process of case selection, on the basis of clinical and radiologic evidence, the "mimickers" of PPFE such as sarcoidosis, hypersensitivity pneumonitis, pneumoconiosis (14, 15) , apical cap (8, 12) , tuberculosis and tuberculosis pneumothorax treatment, aspergillosis (12, 16) , radiation therapy, hemothorax, connective tissue disease with lupus, rheumatoid arthritis, and spondylitis were excluded (14) .
A radiologic grading system was created, identifying four grades of PPFE, based on the extension of pleuroparenchymal and blotchy opacities, traction bronchiectasis (cylindrical or cystic) and volume reduction:
Grade 1: cylindrical bronchiectasis, pleuroparenchymal and blotchy opacities distributed in the upper zones, sparing the middle and lower zones, without consistent volume reduction and with blotchy ground glass areas possibly present.
Grade 2: cylindrical bronchiectasis, pleuroparenchymal and blotchy opacities distributed in the upper and middle zones, sparing the lower zones, without consistent volume reduction and with blotchy ground glass areas possibly present.
Grade 3: cystic bronchiectasis, pleuroparenchymal and blotchy opacities distributed in the upper or in both the upper and middle zones, sparing the lower zones, with consistent volume reduction because of the upper lobe collapse and with blotchy ground glass areas possibly present.
Grade 4: cystic bronchiectasis, pleuroparenchymal and blotchy opacities involving the entire lung, including the lower zones, with the collapse of the entire lung and without blotchy ground glass areas.
Results
Six cases clinically and radiologically consistent with PPFE were identified: two HSCT recipients (Case 5 who underwent allogeneic HSCT and Case 6 who underwent autologous HSCT) and four lung transplant recipients (Case 1 and 2 who underwent a left lung transplant; Case 3 and 4 who underwent a double lung transplant) of which, one case (Case 3) was confirmed as PPFE postbiopsy. These results showed a PPFE prevalence of 7.54% (95% confidence interval [CI], 0.43%-14.6%) in lung transplant recipients and 0.28% (95% CI, 0%-0.68%) in HSCT recipients.
Patients with secondary PPFE were mainly males (male:female ratio, 5:1) between 33 and 61 years of age (mean age 51 years, median 54 years), developing fibrosis after an average of 5.3 years (within 2-13 years) post-transplant (Table 1) . Recurrent respiratory infections after the transplant occurred both in the autologous HSCT (once caused by cytomegalovirus [CMV] in Case 6) and in all lung transplants (in Cases 1, 2, 3 due to CMV) (Tables 1 and 2 ). Regarding the exposure to chemotherapeutic drugs, all lung transplant recipients underwent triple immunosuppressive therapy (corticosteroid, mycophenolate or azathioprine, cyclosporine or tacrolimus); HSCT recipients were treated with ICE (ifosfamide, carboplatin, and etoposide) for acute myeloid leukemia and with cyclophosphamide during the conditioning regime ( Table 1) .
The pulmonary physiology demonstrated a progressive loss of allograft function in all lung transplant recipients ( Fig. 1 ).
Considering PPFE severity, low (grade 1 and 2) and moderate (grade 3) stages were more prevalent; severe PPFE (grade 4) with diffuse cystic bronchiectasis and an entire collapsed lung was presented only in Case 5 ( Fig. 1) . Blotchy ground glass, found in four patients (from grade 1 to grade 3), were distributed in areas close to PPFE fibrotic changes (mid-and lower zones) and, during the follow-up, ground glass gradually transformed into blotchy parenchymal opacities (Fig. 2) .
Different patterns of lower lobe fibrosis were not found in transplant lungs or HSCT recipients. Only the autologous HSCT recipient (Case 6) showed spontaneous recurrent bilateral pneumothoraces and progressive chest flattening (Fig. 3) . 18 F-FDG PET/ CT imaging obtained from three patients (Cases 1, 3, 6), showed hypermetabolic areas corresponding to pleuroparenchymal opacities (Fig. 4) . Four patients died: three (Cases 2, 3, 5) secondary to respiratory failure between one and eight years after diagnosis and Case 1 died after two years due to pulmonary cancer. Case 4 was still alive after six years and Case 6 after 15 years.
Two trends in the clinical and radiologic progression of PPFE were observed: slow disease progression in three patients with different grades of PPFE (Cases 4, 5, 6, not considering Case 1 who died of cancer), with a probability of survival greater than five years post-diagnosis; rapid disease progression in two patients (Case 2 and 3, Fig.  2 ) with low and moderate grades that rapidly developed respiratory failure and died after one and two years, respectively.
Discussion
This study demonstrates that PPFE represents a rare late post-transplant complication and it shows a higher prevalence
Main points
• Pleuroparenchymal fibroelastosis (PPFE) is a rare form of interstitial pneumonia, characterized by elastotic fibrosis involving the pleura and subpleural parenchyma, predominantly in the upper lobes.
• PPFE can be either idiopathic or secondary and mostly occurs as a late complication of lung or hematopoietic stem cell transplantation (HSCT).
• The prevalence of PPFE was higher in lung transplant compared with HSCT recipients.
• Our results could suggest that recurrent lung infections or immune damage might play a major role in the pathogenesis.
among lung transplant recipients (7.54%) than among HSCT recipients (0.28%). Knowing the prevalence of secondary PPFE might be worth of interest because late onset noninfectious complications related to chronic lung allograft dysfunction (CLAD) (17, 18) or chronic graft-versus-host-disease (GVHD) (19) represent the major limitation of transplantation success. CLAD is defined as an irreversible decline in forced expiratory volume in 1 s (FEV1) to 80% of the baseline and includes bronchiolitis obliterans or increased) and neutrophilic reversible allograft dysfunction (it responds to azythromycin with an increase in FEV1 of at least >10%) (17) (18) (19) (20) Although it was already known that secondary PPFE was prevalent (50% of cases of PPFE) (7, 8) , the prevalence in lung transplant patients (7.54%, 4/53) was much higher than previously reported prevalence of 2% (13/686) (P = 0.03) (23) . In the previous study, the detection of PPFE in lung transplantation was based on a review of the chest X-rays of lung transplant recipients; hence, patients who had milder forms of the disease might have been missed from that series, underestimating the prevalence of PPFE (23) .
There appears to be no data on the prevalence of post-HSCT PPFE in the literature to date. In the following study, despite the wide sample range of HSCT recipients, PPFE was found only in two cases, as a late complication after an allogeneic and an autologous bone marrow transplant, respectively. Some authors demonstrated at biopsy that diffuse alveolar damage preceded the development of PPFE both in lung transplants (10) and HSCT recipients (8) , suggesting that PPFE might represent a late complication of multiple factors (drugs/radiation, infections) that result in acute lung injury/ diffuse alveolar damage (3, 4, 8, 9, 24) . In our study, the difference between the prevalence of PPFE in HSCT recipients and lung A recent study (12) underlined the potential role of alkylating agents in the development of PPFE, in particular cyclophosphamide and carmustine. In this particular study however, a strong correlation between PPFE development and chemotherapy was not found, because, although all HSCT recipients received alkylating agents, only two out of the overall recipients (n=700) developed PPFE; while in lung transplant recipients, exposed to lower doses of chemotherapeutic agents, more cases of PPFE were identified. Further investigations are required to fully clarify the role of chemotherapeutic agents.
Recurrent lung infections, recognized as a risk factor for CLAD development (25) , often caused by CMV were found in all lung transplant recipients and in the autologous HSCT recipient. Acute-GVHD was observed in the allogeneic HSCT recipient. However, a direct cause-effect relationship could not be established between these two risk factors and PPFE, since the frequency of lung infections and acute-GVHD was not known in transplant recipients who did not develop the disease. Although PPFE was described mainly in allogeneic HSCT (8, 19, 26) , some autologous cases were also reported in the literature (6, 8) . PPFE was observed in both cases in this particular study, hence the disease should not be considered as a form of chronic-GVHD.
A progressive flattening of the thorax cage and spontaneous pneumothorax were seldom found in this study. In particular, spontaneous pneumothorax, reported in the literature in 30% of overall patients with PPFE (7, 26, 27) , was observed only in the autologous HSCT recipient. Suggested mechanisms leading to pneumothorax include: cysts in the apical fibrotic area, air trapping upstream to obliterative bronchiolitis and altered resistance of the pleura to the shear stress (6) . The absence of pneumothorax in lung transplant recipients in this study might be linked to iatrogenic pleural adherences that prevent the pleura separating from the thorax cage. This data was in accordance with the literature where pneumothorax complicated fibroelastosis occurs more often in HSCT recipients (8, 26, 28) than in lung transplant recipients (23) .
The mosaic attenuation pattern and air trapping consistent with constrictive obliterative bronchiolitis was not observed in this study, as other authors had previously identified in some patients with fibroelastosis secondary to HSCT (8) and lung transplantation (10) . The majority of those secondary PPFE confirmed the coexistence between bronchiolitis obliterans and PPFE, postbiopsy (8, 10) .
A radiologic grading system for PPFE (Table 4) was created, based on the extension of fibrosis changes, that enabled the following to be considered: PPFE progression and the relationship between the radiologic stage and disease outcome. First, concerning PPFE progression in the most advanced stages, fibrosis showed an asymmetric distribution between the two lungs as if the disease tended to progress more rapidly in one lung then in the other; moreover, ground glass areas usually appeared next to PPFE fibrosis changes, eventually becoming blotchy opacities that showed, especially if recently developed, 18 F-FDG uptake at PET/ CT, as other authors had already described (29) . Second, regarding the relationship between the radiologic stage and disease outcome, it was interesting to note that stages (1 to 4) were not related to the prognosis: cases that slowly progressed presented with various grades of PPFE severity, including the most severe (grade 4), while those that progressed rapidly had lower grades (2, 3).
In terms of outcome, in accordance with the literature (5), the prognosis was poor and the progression variable: while the majority of cases progressed slowly, few others (lung transplant recipients) rapidly developed acute respiratory failure. Further investigations might help to identify different phenotypes of PPFE in order to better determine the prognosis.
The limitations of this study include its retrospective nature and incomplete data collection; risk factor exposure was not evaluated in lung transplant recipients and HSCT recipients who did not develop PPFE; histologic diagnosis was available only in one patient, although lung biopsy should be performed only in selected cases.
In conclusion, six cases clinically and radiologically consistent with PPFE have been described, presenting with different severity and showing a prevalence of 7.54% (95% CI, 0.43%-14.6%) in lung transplant recipients and 0.28% (95% CI, 0-0.68%) in HSCT recipients. The high prevalence of PPFE among lung transplant recipients was previously unknown and it could suggest that recurrent lung infections or immune damage might play a major role in the pathogenesis. PPFE in the autologous HSCT recipient excludes PPFE as a form of GVHD. As stated by other authors, a genetic predisposition might lead to PPFE development as a nonspecific response to various insults, such as infections, chemotherapy, and lung injury (8) (9) (10) . Two trends of disease progression, regardless of fibrosis extension, were observed, suggesting the possible existence of two different PPFE phenotypes. Further investigations will be necessary in order to clarify the pathogenesis and the variable prognosis of the disease.
